activates complement and causes irreversible xenograft damage within minutes to hours on revascularization. [2] [3] [4] Although removal or inhibition of these anti-αGal xenoantibodies may prolong xenograft survival, 5, 6 this down-regulation is only transitory, and the events occurring beyond the hyperacute rejection are unknown. L ung transplantation across widely disparate species (eg, pig-to-human) is restrained by the hyperacute rejection. This reaction, primarily initiated by preformed anti-α-galactosyl (α-Gal) xenoantibodies that are present in human serum and directed against α-Gal epitopes expressed on the vascular porcine endothelium, 1
Goats and pigs belong to the order of ungulates and, like all the other lower mammals, do not have anti-α-Gal natural antibodies in their serum 7, 8 ; therefore a moderate type of hyperacute rejection could be expected. However, recent evidence exists that other unrecognized non-αGal-related humoral factors may trigger hyperacute rejection. 6 Moreover, goats are far more sensitive to xenogeneic whole blood than other species 9 and represent a well-established large animal model in cardiothoracic surgery. [10] [11] [12] [13] Therefore we first investigated the existence of natural non-αGal xenoantibodies in goats and pigs and, on the basis of these results, tested whether their depletion would prolong an orthotopic xenograft lung in a discordant model.
Material and methods
Animals and study design. Large White (La Roche Cormier, Vendome, France) outbred pigs weighing 20 to 30 kg served as lung donors. Similar weight adult goats (Saalen, INRA, Jouy en Josas, France) served as recipients. All animals received care in compliance with the "Principles of Laboratory Animal Care" formulated by the National Society for Medical Research and the "Guide for the Care and Use of Laboratory Animals" prepared by the Institute of Laboratory Animal Resources, National Research Council, and published by the National Academy Press, revised 1996.
The first step of this study was to demonstrate whether the goat/pig combination would be a model of discordant xenotransplantation. This was made by performing blood measurements of natural antibody titers and ex vivo studies of the isolated lungs in both directions. Because these studies provided evidence that adult goats have anti-pig xenoantibodies and not vice versa, we next randomly studied 4 types of orthotopic lung xenotransplantation. Adult goats underwent left pneumonectomy followed by orthotopic transplantation of pig left lung without (group 1) or with (groups 2 and 3) immunodepletion of their xenoantibodies by extracorporeal right pig lung perfusion before transplantation; the allocation of the animals was randomly performed. Group 3 goats also had complete clampage of the right pulmonary artery (RPA). In group 4, goat left lungs were orthotopically transplanted into pigs and served as negative controls.
Ex vivo lung xenoperfusion model. Pigs were premedicated with intramuscular ketamine hydrochloride (25 mg/kg) and atropine sulfate (1 mg/kg) and anaesthetized with intravenous sodium pentobarbital (25 mg/kg). Pigs or goat left lungs were then harvested and ex vivo perfused and ventilated according our previously developed model. 3 The arteriovenous oxygen difference (AVO 2 ; milliliters of oxygen per 100 mL blood) was calculated according to the formula
where S is the arterial (S art ) or venous (S ven ) oxygen saturation and Hb is hemoglobin concentration (grams per deciliter). Blood flow (flow probe, Statham SP2202; Biomedical Division, Oxnard, Calif) and pulmonary artery pressure (millimeters of mercury per milliliter per minute; Kipp and Zonen BD112, Amsterdam, The Netherlands) measurements allowed calculation of the pulmonary vascular resistance (PVR) as pulmonary artery pressure (millimeters of mercury) and blood flow (milliliters per minute).
Orthotopic left lung transplantation. Pig left lungs acting as xenografts to be implanted orthotopically were harvested as for the ex vivo model. The right lung and middle lobe and the heart of the same pig donor absorbed goat xenoantibodies after the following areas were stapled: (1) origin of the pulmonary trunk and left pulmonary artery, (2) right and left pulmonary veins beyond their left atrium takeoff, (3) venae cavae, and (4) left main bronchus. The ascending aorta was sutured with a continuous 6-0 Prolene suture (Ethicon, Inc, Somerville, NJ) just before the origin of the 2 coronary arteries to avoid myocardial perfusion. These xenografts were then placed in 2 sterile plastic bags containing cold (4°C) Euro-Collins solution.
Goats were premedicated with acepromazine (0.05-0.1 mg/kg) and atropine sulfate (0.2 mg/kg) and anesthetized with intravenous sodium pentobarbital (1 mg/kg). Adequacy of ventilation and oxygenation was assessed by arterial blood gas analysis and pulse oximeter (Finger Pulse Sensor; Epic Medical, Plano, Tex). They were subsequently selectively intubated through an endotracheal double-lumen tube and ventilated at 100% oxygen by a mechanical ventilator (Siemens, Elema, Sweden; tidal volume of 15 mL/kg at 17-20 breaths/min with 5 cm H 2 O positive end-expiratory pressure). Light anesthesia was maintained with 1% to 2% fluothane (Halotane; Zeneca Pharma, Cergy, France). A left posterolateral thoracotomy in the 4th intercostal space was the usual approach to enter the left pleural cavity, and 1 mg pancuronium bromide was injected intra-arterially as needed for complete muscle relaxation.
The left internal thoracic artery was dissected, and a polyvinyl catheter was inserted to record blood pressure and heart rate with a pressure transducer (Kipp and Zonen) and to serve as an arterial sampling line. After the division and ligation of the pulmonary inferior ligament and a left lower vein that drained the right middle lobe, the pericardium was opened; the aortopulmonary ligament was ligated, and the pulmonary trunk and RPA were dissected and encircled. We next placed polyvinyl catheters and flow probes into the left atrium, right appendage, and in and around the thoracic aorta, pulmonary trunk, and origin of the RPA to measure systemic and pulmonary pressures and cardiac output (Statham SP2202; Biomedical Division).
In goats of group 1, pig left-lung xenografts were immediately orthotopically implanted with the use of the standard implantation technique. In goats of groups 2 and 3, goat cardiac output was first passed for at least 15 minutes into pig right lung-middle lobe and heart block to immunoabsorb the goat xenoantibodies (Fig 1) . At completion, pig left lungs were implanted. Goats in group 3 also underwent ligation of the RPA. The pleural spaces were then closed with 2 chest tubes, and the chest wall was closed with interrupted polyglactin 1 sutures.
Hemodynamics. The following hemodynamic determinations were made at baseline and during the first hour after the transplantation: (1) mean arterial pressure (millimeters of mercury), heart rate (beats/minute), cardiac output (CO; liters/minute), and pulmonary trunk and left pulmonary artery flow (liters/minute); (2) systemic vascular resistance (dyne-sec/cm 5 Medical support and immunosuppression. Before xenograft reperfusion, recipients received 1 g of indomethacin to block thromboxane production. Animals received intravenous antibiotics (cephalothin, 500 mg/daily), oral acetylsalicylic acid (100 mg/daily) and prednisolone (40 mg, days 1 and 3 after the operation), and intramuscular cyclosporine (INN: ciclosporin) (5-10 mg/kg/day) to maintain plasma levels of 250 to 350 ng/mL and oral azathioprine (2.5 mg/kg daily). Animals were placed in cages and fed standard laboratory food and water ad libitum.
Fiberoptic tracheal and chest radiographic examinations were performed daily. Open lung biopsies were performed 2 and 4 days after the operation. Animals were killed at the clinical or histologic occurrence of xenograft necrosis or at the first evidence of discomfort.
Dilution effect. Plasma dilution was assessed by the measurement of total plasma protein levels, as described previously. 14 No dilution of plasma was evidenced after pig lung perfusion, whereas a dilution of 1.6-± 0.15-fold was observed in plasma after pig lung transplantation (as compared with plasma before transplantation).
Measurement of serum xenoantibodies and their elution from lung tissue. Serum samples were obtained from donors and recipients before and daily after xenotransplantation to measure xenoantibody titers by hemagglutination. Pig red cells were washed 3 times with 20 volumes of phosphate-buffered saline solution (PBS). Twofold serially diluted 50 µL aliquots of goat serum and lung eluates were tested against equal volumes of 2% pig red cells in PBS, and results were expressed as the reciprocal of the highest dilution at which agglutination was observed. After perfusion with goat whole blood, the right immunoabsorbent lungs were washed with PBS, then the fixed antibodies were eluted with NH 4 OH 1% (pH 11). Aliquots of 50 mL of eluate were collected and dialyzed against PBS and stored frozen at -20°C until used.
Preparation of endothelial cell extracts. Porcine endothelial cells were explanted from the aorta of large White pigs and cultured until confluence in Roswell Park Memorial Institute medium that contained 20% fetal calf serum and 1 mmol/L sodium pyruvate, as described previously. 14 Endothelial cell monolayers were washed, scraped from the flasks, and pelleted by centrifugation at 900g for 5 minutes. The cells were resuspended and lysed in 1 volume of 50 mmol/L Tris-hydroxymethyl-amino methane (Tris; pH 7.2) containing 2% t-octylphenoxypolyoxyethanol (Triton X-100), 5 mmol/L ethylenediaminetetra-acetic acid and Pefablock, 1 mmol/L benzamidine, 15 µmol/L pepstatin and 10 µmol/L leupeptin for 30 minutes on ice. After centrifugation at 10,000g for 30 minutes, the supernatant was collected and stored at -70°C until used.
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Fig 1.
An aortic root cannula (DLP, Inc, Grand Rapids, Mich) was inserted into the descending aorta and connected to a tubing system and a cannula (William Harvey, CR Bard, Inc, Tewsburg, Mass) to allow the anterograde flow of goat cardiac output through pig right lung, middle lobe, and heart. A venting multihooled catheter drained the immunoabsorbed blood into the distal left azygos vein. During this immunoabsorption time, the right lung and middle lobe were ventilated through a mechanical ventilator (MV) to avoid gas embolism. To measure transpulmonary pressure and/or stabilize the recipient during this procedure, a pressure transducer was connected to the tubing system, and intermittent tubing clamps and peripheral vasoconstrictive and inotropic agents were used.
Sodium dodecylsulfate-polyacrylamide gel electrophoresis and Western blot analysis. To characterize the specificity of anti-pig antibodies that were removed after pig lung transplantation or pig lung perfusion, the reactivity of native and xenoantibody-depleted goat serum samples was analyzed on porcine endothelial cell extracts.
Samples of pig endothelial-cell extracts were electrophoresed on a 7.5% gel under reducing conditions. Proteins resolved in this way were transferred to 0.45 µm polyvinylidene difluoride membranes. 14 After saturation with 3% lowfat dry milk in Tris-buffered saline solution (TBS) overnight at 25°C, the membranes were washed 3 times with 0.3% Tween-20 in TBS and stored in this buffer until used. Goat sera (diluted 1:20 in TBS) or lung eluates (diluted 1:20, 1:10, and 1:5 in TBS) were incubated overnight at 25°C. After being washed with 0.3% Tween-20 in TBS, the antibody binding was detected by incubating blots with alkaline phosphatase-conjugated affinity purified rabbit anti-goat IgG (H+L; The Jackson Laboratories, Bar Harbor, Maine) diluted 1:1000 in 0.5% bovine serum albumin in TBS for 2 hours at 25°C. The expression of α-Gal residues was analyzed with biotinylated isolectin B4 from Griffonia simplicifolia (GSI-B4) as described previously. 15 The immunoblots were revealed with nitroblue tetrazolium (Biorad, Hercules, Calif).
Histologic information. Xenografted and recipient native lungs were macroscopically assessed. At least 4 samples of representative areas were taken, and fragments were fixed in 10% formaldehyde and routinely processed into paraffin wax. Sections were cut at 5 µm and stained with hematoxylin and eosin.
Statistical analysis. In the ex vivo model, xenograft failure was defined as such when the ex vivo lung perfusion was associated with no gas exchange, severe pulmonary hypertension, and gross evidence of pulmonary hemorrhage and edema. In the orthotopic model, experiments were stopped at the onset of recipient discomfort or xenografts dysfunction. Data are expressed as mean ± SD of the number of observations and analyzed by 1-way analysis of variance with Fisher's protected least significance difference (StatView 4.02; Abacus Concepts, Inc, Berkeley, Calif). The a priori level of significance was set at a P value of less than .05.
Results
Ex vivo lung studies. Goat sera contains xenoantibodies to pig red cells, but pig serum demonstrated no detectable titers of xenoantibodies against goat red blood cells. Unsurprisingly, goat lungs perfused with pig blood displayed almost normal xenograft function over the entire 5-hour study period, although a marked pulmonary hypertension and fall in AVO 2 occurred when pig lungs were perfused with goat blood (Fig 2) , but both ex vivo models were working after the 5-hour study period. Goat anti-pig xenoantibodies fall from 6.4 ± 1.6 before the ex vivo perfusion to 0.8 ± 1.0 on completion of the study period. Goat lungs perfused with pig blood were normal, although pig lungs perfused with goat blood were congested and edematous without pulmonary microvessel thrombosis (Fig 3) .
Orthotopic left lung transplantation. All goats belonging to group 1 died 7 ± 3 hours after pig
Fig 2.
Hemodynamics (A) and oxygen extraction (B) at baseline (time 0) and at specific time intervals after ex vivo lung xenografts perfusion with either goat or pig blood. Data are expressed as mean ± SD (error bars) of the experiments. The difference was statistically significant (P < .001). During the time interval between -30 and 0 minutes, the xenografts were perfused with autogenic blood to stabilize the perfusion system; before reperfusion, they were washed with 1.5 L saline solution to avoid hemolyzation of the residual autogenic blood.
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xenograft reimplantation because all were unweanable from respiratory support because of severe pulmonary hypertension and dysfunction and vasogenic shock ( Table I ). The native lungs and xenografts showed little evidence of histologic xenograft injury (Fig 4) . In this 7-± 3-hour period, the goat anti-pig xenoantibodies declined only slightly from 5.8 ± 1.0 before to 2.5 ± 0.6 after engraftment, and this decrease probably reflected more a dilution effect than specific antibody removal. Macchiarini et al 809 Results are expressed as (mean ± SD) values. * The systemic vascular resistance of group 1 goats dropped significantly as compared with its increase in group 2 (P = .02) and 3 (P = .03) goats, although the reduction of the CO was not different among the groups over time. † Although there was no overall difference in PVR among the 3 groups, xenograft PVR increased more in group 1 (P = .008) and 3 (P = .02) goats as opposed to group 2 goats. ‡ Gas exchange were significantly worse in group 1 goats than group 2 (P = .001) and 3 (P = .01) goats. § Airway pressure was significantly more increased over time in goats belonging to group 1 than in those belonging to group 2 (P < .0001) and 3 (P < .0001).
On reperfusion, group 2 xenografts had stable cardiocirculatory and respiratory functions as compared with group 1 xenografts (Table I) , and the animals survived for 9 ± 4 days. Group 3 animals also tolerated complete occlusion of the RPA, and the xenografts assured total respiratory support for 4 ± 1 days. Pig immunoabsorbent organs were congested and associated with intra-alveolar hemorrhage without microthrombosis. After immunodepletion, serum of goat belonging to groups 2 and 3 showed no detectable titers of xenoantibodies, but the titers began to increase significantly (P < .0001) 1 to 2 days after transplantation and reached pretransplantation levels by days 4 (group 3) to 6 (group 2; Fig 5) . This xenoantibody time course paralleled the aggravation of xenograft rejection because the acute vascular rejection (Fig 6) constantly documented 2 days after the transplantation progressed to a complete xenograft necrosis (Fig 7) at death in all goats. However, the acute vascular rejection was predominantly humoral mediated (endothelial hyperplasia and interstitial congestions) in group 2 goats and cellular mediated (perivascular and peribronchial lymphoid infiltration) in group 3 goats. Xenograft necrosis typically spared recipient's bronchial, pulmonary artery, and left atrium stumps of the recipients. All group 4 pigs were killed 5 ± 1 days after the transplantation, and xenografts displayed scattered features of acute rejection.
Western blot analysis of goat anti-pig natural antibodies. At baseline, at least 10 bands that corresponded to proteins with apparent molecular weights ranging from 20 to 280 kd were detected by goat antibodies (Fig 8, lanes 1 and 3) . In orthotopic group 1 goats, the pattern of reactivity was unchanged (Fig 8,  lane 2 Natural anti-pig xenoantibodies detected by standard hemagglutination in goat sera. The rise of xenoantibodies was earlier for group 3 than for group 2 goats. The xenoantibodies were expressed as the reciprocal of the highest dilution at which agglutination was observed.
was removed, whereas binding to other proteins was unchanged or slightly decreased (Fig 8, lane 4) . To further analyze antibody depletion after pig lungs used to immunodeplete goats anti-pig xenoantibodies, we studied the reactivity of antibodies eluted from perfused pig lungs. Fractions of eluate aliquots were tested for anti-pig antibody activity by enzyme-linked immunosorbent assay, with porcine platelet extracts as antigen (data not shown). In these conditions, goat antipig natural antibodies titers (defined as inverse of dilution for optic density = 0.5) varied between 2 and 32, depending on the experiment and aliquot sample. Eluates with high antibody activity (titer, >16) were analyzed in Western blot. The reactivity of eluted antibodies for 2 independent experiments is shown in Fig 8  (lanes 5 and 6) . At least 8 bands corresponding to proteins with apparent molecular weights between 26 and 205 kd were revealed by goat antibodies eluted from pig lungs perfused with goat blood. Major reactivity was associated with low (lane 5) or high (lane 6) molecular weight bands, depending on the experiment, and in each case was different from the pattern of reactivity observed with the G simplicifolia isolectin B4 (lane 7).
Discussion
The goat and pig combination represent, despite their phylogenetic vicinity, a promising α-Gal antibody-free model, which permits the study of discordant orthotopic lung xenotransplantation beyond the occurrence of hyperacute rejection. Although its clinical relevance may remain unclear, we have confirmed in vivo our previous ex vivo hypotheses that a variety of non-αGal antibodies may trigger hyperacute rejection as well. 6 Moreover, by depleting these non-αGal antibodies with a cross-perfusion of pig immunoadsorbent organ, hyperacute rejection may be prevented and complete xenograft function and survival can be prolonged temporarily. We also provided evidence that xenograft failure depends on the reappearance of anti-pig xenoantibodies in recipient goats and confirmed that conventional immunosuppression does not alter this outcome at all. 1 In the ex vivo perfusion model, pig lung xenografts were working after a 5-hour perfusion with goat blood, despite severe pulmonary hypertension and oxygen dysfunction. By contrast, the same situation in the untreated orthotopic model was characterized by the occurrence of refractory severe pulmonary hypertension and dysfunction and vasogenic shock, leading to death in 7 ± 3 hours after xenograft reperfusion. One may argue that this difference may be related to the intrapulmonary or systemic synthesis of thromboxane in goats. 9 However, the thromboxane activity was always neutralized by intravenous administration of indomethacin before xenograft reperfusion. Yet, the only design difference between goats experiencing (group 1) or not experiencing (groups 2 and 3) circulatory and pulmonary failure was the cross-perfusion of pig organ. Curiously, this clinical scenario was associated with little histologic xenograft injury except alveolar edema, and we may assume that this and the absence of pulmonary microvessel thrombosis may be related to the limited goat blood flow through the pig xenograft because of the severe pulmonary hypertension. By cross-perfusing goat blood through pig immunoabsorbent organs, which retained the anti-pig antibodies, we were able to prevent hyperacute rejection; and our immunologic evaluation clearly demonstrated that this phenomenon was related to the disappearance of anti-pig xenoantibodies from the circulation of the recipients. Using Western blot analysis of the eluted antibodies, we demonstrated that goat antibodies recognize numerous protein bands on porcine endothelial cells. This result is in line with the reactivity observed in other discordant species [15] [16] [17] and with our previous ex vivo observation that multiple human anti-pig xenoantibodies were absorbed on perfusion of pig lungs with human blood. 6 Unsurprisingly, the pattern of reactivity did not parallel the presence of α-Gal-bearing proteins, as assessed with the G simplicifolia isolectin B4. Whether goat anti-pig natural antibodies belong to an homogeneous repertoire with limited specificity against a common epitope shared by target proteins (as α-Gal epitope for the pig-to-primate combination) is not known. The complement or complement cascade may have also played an unspecific triggering role, as in other discordant models, 18 even in the presence of very low xenoantibody titers. However, because there are no specific reagents to test goat complement, we could not test this hypothesis. Yet, even when hyperacute rejection was prevented and xenografts assured complete respiratory support, they ultimately were rejected and became necrosed. The first step of this rejection process was the appearance of an acute vascular rejection similar to that observed in lung allotransplantation where perivascular or peribronchial lymphoid infiltration are found. Of note, the acute vascular rejection included stigmates of both humoral-mediated and cellular-mediated xenograft rejection. The humoral-mediated rejection included endothelial hyperplasia and interstitial congestions, and this corresponded well to the working hypothesis that acute vascular rejection arises under conditions in which hyperacute rejection is avoided and is governed by the physiologic state of the vascular endothelial cell. 19 The cellular-mediated rejection included perivascular and/or peribronchial lymphoid cell infiltration, and this type of rejection was only observed 2 days after transplantation. In other terms, the only event-free xenograft survival time was when xenoantibodies were absent because the appearance of the initial xenorejection injuries occurred when goats again displayed anti-pig xenoantibodies in their sera. It might be possible that these xenoantibodies may have stimulated natural killer cells or a T-cell-mediated process to induce further endothelial cell dysfunction and procoagulant activity.
All these rejection injuries appeared earlier, and the cellular-mediated rejections were more vigorous in goats belonging to group 3 than to group 2, and this fits well with the fact that the entire cardiac output was flowing through the pig xenograft. Indirectly, these observations involve that T-cell-mediated xenograft rejection is often more severe than T-cell-mediated allograft rejection 20 and that, in vivo, pig xenografts are almost certain to provoke vigorous direct or indirect Tcell xenoresponses within the first week after transplantation. Ultimately, xenografts become completely destroyed by an ischemic necrosis, and this mainly occurs when the titers of anti-pig xenoantibody return to pretransplantation values. Of note, the ischemic necrosis typically spared recipients' bronchial, arterial, and left atrium stumps, mirroring to some extent the observations reported in the precyclosporin lung allotransplantation era and demonstrating that conventional immunosuppressive agents may be less effective at prolonging xenograft survival than at prolonging allograft survival.
We observed that goat serum contains natural antibodies that bind to pig antigens whereas the opposite does not hold, as was already observed in other species combinations. 14 Moreover, the presence of natural antibodies was correlated with the severity and tempo of graft rejection, because hyperacute rejection was seen in pig-to-goat xenografts (group 1) but not in goat-topig xenografts (group 4). These results are in accordance with previous work that reported the absence of hyperacute rejection in pig-to-newborn goat cardiac xenografts because of very low levels of natural antibodies in newborn. 13 They also allow to define of the pig-to-goat combination as a discordant xenograft model, whereas the goat-to-pig model would be concordant, according to a classification based on the immunologic response. 21 In summary, we have developed an orthotopic α-Gal antibody-free lung xenotransplantation model that reports a refractory vasogenic shock and pulmonary hypertension and dysfunction after 7 ± 3 hours on pig xenograft reperfusion. This form of hyperacute rejection is consistently prevented by the immunodepletion of goat anti-pig xenoantibodies before xenograft implantation. Unfortunately, this prevention is only temporary because both humoral-and cellular-mediated rejection occur and evolve to xenograft necrosis once goats resynthesize anti-pig xenoantibodies. This pig-to-goat combination could be a valuable working discordant model for the evaluation of strategies aimed at preventing antibody-mediated rejection mechanisms.
